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Ａｓａｎｅｘａｍｐｌｅ,thecontinuousoxidationprocesseｓｏｆｗｍⅢnbymcrobialI℃stcellsinthecell‐
hOldingreactorweresimulatedbysolvingtheequationsofmassbalancefDrvanUHnandvanillic
acidinthereactor・Thecalculatedcurvewasgoodconsistemtwiththeexperlmentalvalues、TheD
findingsobtainedindicatedthatthemte-determiningstepoftheoxidationprocessofaromatic
aldehydewasdemethylationofaromaticcarboxylicacidtoprotocatechuicacid・Thefirstorder
reactionrateconstantofeachstepintheoxidationprocessdifferedwiththechamcterofthe
reactiOnsolution,distUIedwaterorphosphatebuffGr.
stcpinthereactionprocess,thcoxidativereaction
wascarriedoutunderahighconcentrationofthe
substratewithoutthemactivationofmicrobial
cells．nlus，thecontinuousoxidationwas
perfOnnedunderahighfeedingconcentrationof
thosealdehydestoacell-holdingreactor［6]、
However，ＳｍcearomaticaldehydeispotcntiaUy
anti-microbialasmentionedabove，the
concentrationofaromaticaldeｈｙｄｅｍｕｓｔｂｅ
ｍａｍｔａｉｎｅｄｌｏｗｉｎｔｈｅｃｅｌl-holdmgreactor
containingmicrobialcells・ Theoxidative
reactiondependsontheconccntrationofcellsm
thereactor,theactivityofthecellsandthefeeding
rateofarolnaticaldehyde、TheIefbに，itisvery
difficulttopreviouslyestimateanappropriate
averageresidencetimeofaromaticaldehydeinthe
reactor．Tostablyoperatethecontinuous
reactionsystemthesufficientunderstandingof
theoxidationprocessofaromaticaldehyde
(substrate）bytherestcellsisnecessary・ｎｌｅ
Introduction
Thedepolymerizedli印misveryusefUl
becausethatcanusepotentiaUyasarawmaterial
oforganicchemicalandfermentationmdustries・
AdachieMﾉ.[1]reportedthattheugninobtained
fromricestrawcouldbedepolymcrizcdtothree
kmdsofaromaticaldehydesinhighyieldsby
alkalinenitrobenzeneoxidationSincethose
aldehydeshavepotentialanti-bacterialactivity
towardmicroorganisms，andareonlyslightly
solubleinwater，theoxidativeconversionby
microorganismsisverydifficult，TYlerefOre，few
investigationshavereportedonaerobicoxidative
conversionofaromaticaldehydesby
microorganisms[2-4],andinadditionfewstudies
ontheconversioninahighyieldhavebeenknown
Theoxidationrateofthosealdehydesbymicrobial
ccllsmbatchreactions[5]decreasedremarkably
intheconcentrationhigherthanapproximately２
９/LToaccuratelytracetheoxidationrateofeach
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mostimportantfactortounderstandtheprocessis
todetennmethereactionrateconstantofeachstep
mtheprocess・
Intheprcsentstudy，weestimatedthefirst
orderreactiｏｎｒａｔｅｃｏｎｓｔａｎｔｏｆｅａｃｈｓｔｅｐｏｆｔｈｅ
ｏxidativeprocessonthebasisofasimulationof
thecontmuousoxidatioｎｐｒｏｃｅｓｓｏｆｖａｎｍｍｂｙｔhe
restcellsinthecell-holdingreactor・Andalsothe
ratc-1imitingstcpoftheoxidationprocesswas
elucidatedfromthesimulations．
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Fig.1．OuthcofaceU-holdingreactorsystemfOrcontinuousoxidationofvanimn.①;Aircomprcssor，②;Airn1tcr,③;Waterrescrvoir，④;LiquidlcvelcontroUcr,⑤;Substratercservoir,⑥;Microtubepump，⑦;Stirrcr，⑧;U1tramcmbrancfiltcr，⑨;Microtubc
pump,⑩;Rcactor,⑪;ProductcoUector
ExpeIimental
TanakaandHirokaneに］reportedthatthe
oxidationofaromaticaldehydesbyB"'１UioMerm
cepacjZzTM1occurredindistiUedwater
containinganaromaticaldehyde・TherefOre，the
experimentsoncontinuousoxidationofvaniUin
welepelfOnnedasfOUows・
Ｆｉｇ．１showstheoutlineofacell-holding
reactorsystemfOrthecontinuousoxidationof
vaniUin、AdevicefOrultrafiltration（Amicon）
wasusedasthereactor⑩、Anultramembrane
filterPM-10(Amicon)⑧wasusedtoretainthe
cellsinthereactor・Theworkingvolumeinthe
reactorwasheldconstantbyconnectingtheliquid
surfacecontroUer④andthemicrombepump⑥
tofecdvaniUinmtothcrcactorfromthesubstrate
rcservoir⑤、Ａirpassmgthroughtheairfiltcr
②fromtheaircompressor①wasaseptically
fedtothesolutionｉｎｔｈｅｒｅａｃｔｏｒａｓｄａｍｐａｉｒｖｉａ
ｔｈｅｗａｔerreservoir③,andexhaustedfromthetop
ofthereactor・IYlesolutionmthereactorwas
agitatcdbythcstilrer⑦、Ａｔｔｈｅｓａｍｅｔｉｍｅ
ｗｈｅｎｔｈｅｒｅａｃｔｉｏｎｗａsinitiated，thesolution
containmgvaniUinwasfedtothereactorthrough
themicrombepump⑥andthcreactionsolution
waseffUsedfromthereactorwithaconstant
flowratebythemicrotubepump⑨、ThecffUsed
reactionsolutionwasrecoveredintotheproduct
coUector⑪duringthereactionTheaveragc
residencetimeofthcreactionsolutionmthc
reactorwasappropriatelyadjustedusingthc
microtubepump⑨、
PreparationoftheceUsofBzJ'幼ojZlErjZz
c印acmTM1wasperfOnnedasfO11ows・Ｔｈｅ
ｍｅｄｉｕｍｆＯｒｔｈｅｇｒｏｗｔｈｏｆＢｚＪＷｚｏＪ`ｅｌｍｃ印ａｃｚａ
ＴＭ１ｃｏｎｓｉｓｔｅｄｏｆｌＯＯｇ/１tryptone，５．０９/lyeast
extract,ａｎｄ５．０９/lNaC1indistiUedwater・Ａｆｉｅｒ
ａｔｅｓｔｍｂｅｗｉｔｈ５ｍｌｏｆｔｈｅｍｅｄｉｕmwas
autoclaved，thccellsfromaslantculturewere
inoculatedtothetesttubeandcultivated
reciprocallyat28゜Cwith300strokes/minute・
Afterthecellsgrcwadcquately,andcentrifUged
at4oCfOr20minutesatlO,OOOXg,thecellswere
recovered・TIleccllswereasepticaUymoculated
to50mloftheabovefreshmedium,andcultivated
reciprocallyat28oCwithlO6strokes/minute・
Afierthecellsgrewadequately，andcentrifUged
undertheaboveconditions，thecellswere
recovered・ｎｌｅｓａｍｅｐrocedurewasrepeatedby
using500mｌｏｆｔｈｅａｂｏｖｅｆｒｅｓｈｍｅｄｉｕｍ、me
cellsobtainedfinaUywereusedfOrthefO11owing
continuousoxidativereactionofsomearomatic
aldehydes
Rcactionconditionsandanalyticalmethods
wereasfOllows・ThereactionsolutionwasO・Z
Mphosphatebuffbr(ｐＨ7.2)containingvanillin、
nlefCedingconcentrationofvaniUｉｎｗａｓ２・Ｏｏｒ
２００ｇ/LAUsolutionswereautoclavedand
adjustedtopH72・Tmeinitialturbidityofthe
Rate･IimitmgstepincontinuousoxidationprocessofvanlllinbyB"γ肋Oldcrjac8PacjaTMlinacelIholdmgreactor 1８５
cellsinthereactorwasarbitrarilychanged
dependingonthcconcentrationofthesubstrate，
ａｎｄｗａｓＯ４ｏｒ３０ａｓａｎａｂｓｏｒｂａｎｃｅａｔｔｈe
wavelengthof540nmAlso，theinitial
concentrationofaromaticaldehydesinthereactor
wasOg/Ｌnleworkingvolumeinthereactor
waｓ３５ｏｒｌ５０ｍｌｏｆｔｈｅｓｏｌｕｔｉｏｎｃｏｎｔａｍｉngthe
cells・Ｔｈｅａｉｒｆｌｏｗｒａｔｅｗａｓ４０ｍｌ/minwhenthe
turbidityofcellswas0.4,ａｎｄｉｎｔｈｅｏｔｈｅｒｃａｓｅ，
100ｍl/ｍin・nlcreactiontemperaturewas28･C
Feedingthesolutioncontainingvanillintothe
reactorhnmediatelyafterthestartofreaction，the
solutionwaseffUsedfromthereactorwitha
constantｆｌｏｗrate，andcoUecteddurmgthe
reaction．Also,thepHandtheconcentrationof
vanillinandproductsmthereactionsolution
recoveredattheoutletofthereactorwitha
constanttimeintervalweremeasured,respectively，
byusingapHmeterandahighperfOrmanccliquid
chromatog｢aphy(HPLOcolumnused;ODS80TM
(4.6ｍｎｘ２５ｃｍ),eluent;(water:accticacid＝９９：
1)：methanol＝４：１，ｆｌｏｗrate；０．９ｍl/min，
detection;UV254nIn)．Thecumulativequantity
ofvaniUinandproductsinthecoUectorwasalsｏ
measuredasdescribedabove、Yeastextractand
tryptonewerepurchasedfromDifCo,andallofthe
otherreagentsweredonefromNacalaiTesquelnc・
andtheguaranteedgrade．
Resultsanddiscussion
ContinuousoxidationofvanilIin
Fi9.2showsthecontinuousoxidationof２．０９/l
vanmindissolvedmdistiUedwater・Sincethe
feedmgrateofthesubstrateandtheworking
volumeinthereactorwere３．４ｍｇ/ｈａｎｄ３５ｍｌ，
respectively，theaverageresidencetimeofthe
substrateinthereactorwas20､６hnle
concentrationofthesubstratｅｉｎthereactor
increasedtemporarny・However，ｔｈｅsteadystatc
ofthereactioncontinuedfromapproximatelyl50
to800h,ahighconcentrationofvaniUicacidwas
mamtamedduringthesteadystate，andthe
concentrationofthesubstratemthereactorwas
maintainedlow．、leconcentrationofvanillic
acidgraduaUydecreasedafter800hofthereaction，
mvelselythatofthesubstrateshowedatendency
tograduaUyincrease・nlisfindingappearedto
resultfromtheinactivationofthecellsbyalow
、
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Ｆｉｇ．２．Timecourscofcontinuousoxidatioｎｏｆ
ｖａｎｉｌｌｉｎｂｙＢ"Ｗto〃erjacepaciainaceU-holding
rcactor・Vanminwasdissolvedindistilledwater・Thc
initialconditionsofthereactionwereasfOUows・The
conccntrationofvanillininthｃｒｅａｃｔｏｒｗａｓＯｇ/lThe
continuousfecdingconcentrationofvanimｎｗａｓ２０ｇ/１
(13.2ｍｍoⅢ）Thcaverageresidencetimcwas20.6ｈ．
Theturbidityoftheccllswas0.4．Thcworking
volumcmthcrcactorandｔｈｅｆｅｅｄｉｎｇｒａｔｅｏｆvaniUin
wcrcrespcctively35mland３．４ｍｇ/ｈ（0.00171/h）
Symbols：●vaniUin，▲;vanilUcacid,Ｘ;pＨ
Ｆｉｇ．３．Timecourseofcontinuousoxidatioｎｏｆ
ｖａＩｍⅢｎｂｙＢＨＷｉｏ〃ermcepacjaTM1inacell-holding
reactor・VanillinwasdissolvedinO・ZMphosphatc
buffCr(pH7.2)．Theinitialconditionsofthercaction
wcreasfO11ows・Thcconcentrationofvanillininthc
leactorwasOg/LThecontinuousfeeding
concentrationofvanillinwas2０．０９/1（131.5,mol/1)．
Theaveragcrcsidcncctimcwas273h・Thcmrbidityof
thcceUswas30・Thcworkingvolumeinthcreactor
andthefeedingrateofvanimnwerercspectivclyl50ml
andllOmg/h(0.00551/h）Symbolsarethcsamcasm
Fig､２．
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concentrationofvaniUinProtocatechuicacid
wasnotdetectedduringthereactionDependmg
ontheconcentrationoftheccllsandthefeeding
rateofthesubstrate，alowconcentrationofthe
substrateremamedmthereactionsolution，
Ｆｉｇ．３ｓｈｏｗｓｔｈｅｔｉｍｅｃｏｕｒｓｅofcontinuous
oxidationof2０．０９/１vaniUinbyBzJWioMelm
c印acjaTM1maccll-holdingrcactor・T11e
steadystateofthereactioncontinuedfrom
approximately96to7５０ｈ．Thisoxidationwas
intentionallystoppcdatthereactiontimeof750h・
PIotocatechuicacidwasnotproducｅｄｉｎａＵｒａｎｇｅ
ｏｆｔｈｅｒｅａｃｔｉｏｎｔｉｍｅ，andthesubstratcwas
completelyconsulned．Theconccntrationof
vaniUinwaslO-fbldhigherthanthatinthcbatch
reactionに]．
ＦCＯ
b,Ｃｃ
Fig.４．AmodelfOrcontinuousoxidationsystcmof
aromaticaldehydesbytheccUsinaccU-holdingrcactor．
expressedasfO11ows・
FirsUy，massbalancefOrthesubstratemthe
reactorisexprcssedasEq.(1)．
(1)V(dOdt)=FCo-klCV-FCTheoreticalconsidemtion
Fi９．４showsamodelfOrcontinuousoxidation
systcmofaromaticaldehydebythccellsinaccll-
holdingreactor・nlcfeedingconcentrationof
vanｉｍｎｉｓＣｂ（mmol/l)．Thefecdingrateof
vanimntothereactorisF(1/h)．Inthereactor，
vanillin(Cnmnol/1),isassumedtobeoxidizedtoa
vanmicacid(Cbmlnol/l),witharateconstantof
thefirstolderreactionofk,(1/h),andfUrther,the
productisassumedtobeoxidizedto
protocatechuicacid（Ccnmnol/1)，witharate
constantofthefirstordeｒｒｅａｃｔｉｏｎｏｆｋ２（1/h)．
ThereactionsolutioninthereactoreffUsesviathe
ultramembranemterwiththeflowrateofF(l/h)．
Onlythecellsareheldmthereactor・Inthis
consideration，theperfectmixingofreaction
soluｔｉｏｎｉｎｔｈｃｒｅａｃｔｏｒｉｓａｓｓｕｍｅｄＡｎｄａｌso，
sincetheconcentrationofthecellsinthereactor
wasconstantduringthcreaction,ｔｈｅeffectofceU
growthwasnegligible・A1thoughtherateof
reactionshoulｄｂｃｐroportionaltothe
concentrationofthesubstratemthereactorand
theinitialconcentrationofthecells，thc
concentrationofthecellswasconsideredasa
constantvalue・MassbalancefOrthesubstrate
(qandtheploduct(Cb)mthereactorcanbe
Where,Ｖ(1)isaworkingvolumemthereactor・
Eq.(1)canbeanalyticallysolvedwiththeinitial
conditionsofC＝Ｏｗｈｅｎｔ＝０，ａｎｄＥｑ.(2)is
obtained．
C=FCb[1-exp{-(k,+F7V)t}]/{V(k,+F7V)}(2)
Where,ｋ，＝αＸｏ,ａｎｄＸｂ（g-cells/1）isthe
initialconcentrationofthecellsinthereactor・
TheunitofaisO/g-ceUs/h)．
Secondly,massbalancefOrtheproduct(Cb)in
thereactoriscxpressedinEq.(3)．
(3)V(dCb/dt)＝k1CV-k2CbV-FCb
BysubstitutmgEq．（２）ｔｏＥｑ．(3)，and
analyticaUysolvingwiththemitialconditionsof
Cb＝Owhent＝0,Ｅｑ.(4)isobtamed．
Ｃｂ={k1FCo/(k1V+F)}[1/(k2+1Ｗ)-exp(-(k,+Ⅳ
V)t}/(k2-k,)]-{k1FCo/(k1V+F)}{1/(k2+ⅣV)-1/(k2-
k,)}exp{-(k2+F7V)t｝（４）
Where,ｋ２＝βＸｏ,ａｎｄｔｈｅｕｎｉｔｏｆβｉｓ(l/g
cells/h)．
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Vanillinisoxidativelymetabolizｅｄｂｙ
ＢＨＷｉｏＭｅｒｊＺｕｃ印ａｃｊＺｚＴＭ１ａｓｓｈｏｗｎｉｎＦｉｇ、５．
ProtocatechuicacidisfUrthermetabolized
oxidativelyaccompaniedwitharomaticring-
fission・IngcneraLthemetabolicrateof
protocatechuicacidisveryhigh・Bysimulating
theexperimentalvaluesbyEqs.(2)ａ､。(4),ｔｈｅ
ｒａｔｅｃｏｎｓｔａｎｔｓｏｆｋ１ａｎｄｋｚａｒｅｅasilyestimatedby
trialanderrormethod．
Vanillicacid
Vanillin
０２００４００６００８００
ReactIontIme(h）
Fig.６．Simulationofcontinuousoxidatioｎｏｆ２０ｇ/１
vanimndissolvcdmO2Mphosphatebuffer(pH7.2）
solution，SoUdcurveisthercsultofsinmlationfOrthc
concentrationofvaniUicacid,anddottedcurvc，thatof
vanimninthcrcactor、Where,ｔｈｃｖａｌｕｅｓｏｆＦ,ＣＯ,and
VmtheequationswereOOO550/h),131.5(mmol/1)，
and０．１５(1),rcspectivcly,basedonthccxpcrimental
conditions・Ｔｈｃｖａｌｕｅｓｏｆｋ１ａｎｄｋ２ｗｅｒｅａｓｓｕｍｃｄto
bc20andOOO1(1/h),rcspectivcly．
竺 CbVanillicacidCVaniⅡiｎ
ｃｃ壁Protocatechuicacid
(Dcmcthylation）
Ｆｉｇ．５．Oxidationprocessofvanimnby
B”jUio〃ｅｒｍｃｅｐａｃｊａＴＭ１．
Simulationofcontinuousoxidationprocess
OfwmUlinbytheoreticalequations
Firstofall,ｔｈｅexperimentalvaluesmthecaseof
Fi9.3weresilnulatedbyEqs.(2)and(4),andthe
calculatedcurveswereshowninＦｉｇ．６
accompaniedwiththeexpcrimentalvalues・
Thecalculatedvaluesweregoodconsistent
withtheexperilnentalvaluesinbothcasesof
vaniUinandvaniUicacid，T11eratioofα(k,＝α
Xo＝２０)ｔｏβ(k2＝βＸｏ＝0.001)was20000,i､e・
theoxidationrateofvaniUintovaniUicacidwas
remarkablyhighcomparedwiththatofvaniUic
acidtoprotocatechuicacid．Thisfinding
indicatesthatthedemethylationofvaniUicacidto
protocatechuicacidisarate-limitingstepof
oxidationprocessofvaniUin
ＴｈｅexperimentalvaluesmthecaseofFi９．２
werealsosimulatedbyusingEqs.(2)and(4),and
thecalculatedcurveswereshowninＦｉｇ．７
accompaniedwiththeexperimentalvalues・Ｔｈｅ
ｖａｌｕｅｓｏｆｋ１ａｎｄｋ２ｗｅｒｅａｓｓｕｍｅｄｔｏｂｅＯ８５
ａｎｄＯＯＯ３(1/h),respectively,becausetheoxidativc
activityofvamUinbythecellsindistiUedwater
wasconsiderablyhigherthanthatinabuffer
solution，thoughtheinitialconcentrationofthe
cellswasO,O13-fOldhigherthanthatofFig6．
1２．５己三ｏＥＥ》ロ已甸②一一一Ｅ■訂。ＥｌｌＥ囚。
VaniIIicacid
1０
７．５
５
2.5
VanilIin
０
０２００４００６００８００
ReactlontIme(h）
Ｆｉｇ．７．Simulationofcontinuousoxidationof
vaniUindissolvedindistilledwater・solidcurveisthe
lesultofsimulationfOrtheconccntrationofvanimcacid，
anddottedcurve,thatofvammninthereactor・Where，
ｔｈｃｖａｌｕｃｓｏｆＣｏａｎｄＶｉｎｔｈｅｅｑｕａｔｉｏｎｓｗｅｒｅ１３．２
(mmol/1）ａｎｄ０．０３５(1)，respectively，bascdonthe
cxperimcntalconditions・ThcfeedingrateofVanilUn
was０．００１７(1/h).Thevaluesofk1andkzwcrcassumed
tobeO85and0.003(1/h),respectively．
Thecalculatedvaluesweregoodagreement
withtheexpermentalvaluesmbothofvaniUin
andvaniUicaciddurmgthesteadystate・Ｔｈｅ
ｒａｔｉｏｏｆａｔｏβwasapproximately280、This
findingalsoindicatesthatthedemethylationof
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vaniUicacidtoprotocatechuicaciｄｗａｓａｒａｔｅ‐
limitingstepofoxidationprocessofvaniUin，and
theactivityofthedemethylationindistiUedwater
wasstimulatedhigherthanthatinthephoSphate
buffersolution．
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